Seismograms from local aftershocks of the 1999 Chi-Chi, Taiwan, earthquake recorded at a 200-m-deep downhole station CHY of the Taiwan Central Weather Bureau Seismic Network (CWBSN) have clear direct upgoing shear waves and their surface-reflected downgoing phases. Measurements of time difference between the direct and reflected phases of the fast and slow components of split shear waves show approximately 8 per cent velocity anisotropy in the top 200 m of the crust. The phase velocities extracted from the direct and reflected waveforms display clear evidence of attenuation-related dispersion. Taking the dispersion and geometrical spreading factor into account, we estimate the Q value of the shear waves by fitting calculated results to the observed reflected waveforms. The amplitude spectral density ratios between the direct and reflected phases are approximately linear within the frequency range 2-15 Hz. This allows us also to estimate the Q value from the slope of the amplitude spectral ratio (in dB Hz −1 ) in this range. The estimated Q values with both methods, based on a set of similar waveforms and additional 156 high-quality records, are 61-68 for the fast components and 43-52 for the slow components. The observed attenuation anisotropy may be, similarly to velocity anisotropy, a manifestation of microcracks alignment and their response to in situ stress. Strong attenuation anisotropy (23-30 per cent in this study) along with attenuationrelated dispersion in the shallow crust can affect significantly the properties of shear waves and should be taken into account in studies employing surface and shallow borehole records of shear waveforms.
INTROD U C T I O N
The heavily damaged material in the top few hundred metres of the crust, with a low overburden pressure, contains a high density of cracks, pores and other defects. The near-surface material can thus have a large influence, in terms of attenuation, dispersion and anisotropy, on seismic recordings made at the surface. Many studies (e.g. Hauksson et al. 1987; Fletcher et al. 1990; Aster & Shearer 1991) employed borehole observations to investigate the seismic attenuation and anisotropy in the shallow crust and their effects on surface recordings. In this paper, we perform such a study using high-quality seismograms from local aftershocks of the 1999 Chi-Chi earthquake recorded at a 200-m-deep downhole station CHY of the Taiwan Central Weather Bureau Seismic Network (CWBSN).
The borehole seismograms we use have clear direct upgoing shear waves S up and surface-reflected downgoing phases S down . In a previous study based on this data set (Liu et al. 2004) , we found a strong anisotropy of shear wave velocity in the top 200 m, which contributes approximately 20 per cent of the total shear wave splitting (SWS) time delay in the upper crust. In the present work, we employ two methods to calculate the quality factors (Q) of both the fast and slow shear wave components determined from the previous SWS analysis of Liu et al. (2004) . In the first method, the quality factor is estimated from the slope of the amplitude spectral ratio of the direct and reflected waves versus frequency. In the second method, we estimate the quality factor by comparing the observed reflected waveform with a calculated one, generated by applying an attenuation equation to the observed direct waveform. The quantity and quality of the recordings enable us to measure the quality factor reliably. The results show clear evidence of attenuation anisotropy in the near-surface structure. The phase velocities extracted from the direct and reflected waveforms indicate the existence of attenuation-related dispersion. The inferred dispersion curves fit the theoretical logarithm dispersion equation well. Because of the difficulty of isolating the reflected P-wave phases, we only analyse the attenuation and dispersion properties of shear waves. 
DATA SET A N D G E O L O G I C A L B A C KG RO U N D
Modern digital seismic monitoring in Taiwan began in the early 1970s and at present the Taiwan CWBSN has 75 telemetered stations (Shin & Teng 2001) . One of these short-period stations, CHY, is installed in a 200-m-deep borehole. The 1999 Chi-Chi earthquake sequence was highly energetic, with many M ≥ 6.0 aftershocks, two of which and many other smaller aftershocks occurred in the area close to CHY. The data used in this study extends from 1997 January to 2002 March and the sampling rate of the employed seismograms is 50 sps. As shown in Fig. 1 , the borehole station CHY is located in the eastern boundary area of the west coast Holocene alluvium plain, southwest of the southern end of the Chelungpu fault (CLF), which ruptured during the Chi-Chi main shock. The Meishan fault (MSF), a strike-slip fault associated with the 1906 M 7 earthquake (Wu & Rau 1998) , is located at the northern boundary of the study region. The Chukuo fault (CKF), another well-known active structure, is approximately 10 km to the east of the region.
Observations from hydrogeological drilling reveal that the top 200-300 m of the crust in the study area consists of interfingered fine-, medium-and coarse-grained sandstones and gravel beds. Fig. 2 shows drill core samples from a nearby hydrogeological well no. 200201G1 that illustrate visually some characteristics of the near-surface material. The core samples from 88 to 90 m are coarse-grained (0.50-1.00 mm) sandstone, those from 90 to 92 m are medium-to fine-grained (0.125-0.5 mm) sandstone and those from 136 to 140 m are finer siltstones or mudstones.
METH O D S F O R AT T E N UAT I O N A N A LY S I S
The amplitude spectrum A i (f ) recorded at the ith station for a given earthquake can be expressed as (Bath 1974 )
where G i is the geometrical spreading factor, K(f ) is the source spectrum, S i (f ) is the site response, I i (f ) is the instrumental response, R i is the travel distance of the seismic wave, v is the average wave velocity and Q is the assumed frequency-independent quality factor averaged along the path. Because the traveltimes can be measured directly from the recordings, they can be used to determine interstation Q values without making assumptions about the velocity structure. For two stations along essentially the same ray path, we have approximately
where t 1 and t 2 are the traveltimes from the source to the first and second stations, respectively, and Q is the average quality factor along the path between these two stations. Here the source spectrum k(f ) is eliminated, because both recordings are from the same source. In this study, we adopt this method for downhole recordings in which reflected waves from the free surface are viewed as waveforms that are recorded by another virtual station. Fig. 3 illustrates schematically the geometry of the direct and surface-reflected waves in the borehole configuration. Because the upgoing and downgoing phases are both recorded by the same physical station, we have S 1 ( f ) = S 2 ( f ) and 
where the subscripts up and down replace 1 and 2, respectively. We can develop the following two procedures for estimating the quality factor Q based on eq. (3).
(a) Amplitude spectral ratio method. Taking denary (base 10) logarithms on both sides of eq. (3), we get log
The first item in the right side of eq. (4) is independent of the frequency f . Thus a plot of log A up (f )/A down (f ) versus f gives a line with a slope m, from which the Q value can be estimated as
A similar method is adopted by Hauksson et al. (1987) and Aster & Shearer (1991) for attenuation analysis in borehole experiments.
(b) Waveform fitting. For a layered velocity model, the geometrical spreading factor G for a shallow depth range is, from ray theory, approximately proportional to 1/R, where R is the distance from source to receiver (Hauksson et al. 1987) . Therefore, eq. (3) can be rewritten as
As will be discussed later, for a frequency-independent Q there must be a frequency-dependent phase velocity c(f ), which can be represented (Aki & Richards 2002) as
where f 0 is a reference frequency. In this case, we can combine the amplitude and phase spectra and get
where X up (f ) and X down (f ) are the Fourier spectra of the direct waveform x up (t) and the reflected waveform x down (t), respectively.
In this study, we use eq. (8) as follows. We first calculate X up (f ) from waveform x up (t). Then we calculate X k down (f ) using eq. (8) with an assumed Q k , where k is the index of different trial values of Q. In a third step, we calculate x k down (f ) by inversely transforming X k down (f ) and compare the result with the observed waveform x down (t). The fitting errors between the calculated and observed waveforms are defined as
where N is the number of data points in the waveforms. The minimum value of E(k) indicates the best-fitting result and the corresponding Q k gives an estimate of Q.
RESU LT S

Estimated Q values from stacked waveforms of multiplets
Multiplets are a set of earthquakes with similar waveforms, and by implication they have similar locations, focal mechanisms and ray paths to the station. Several sets of multiplets are identified by cross-correlating the observed horizontal waveforms with each other for all 360 events. Fig. 4 shows the stacked horizontal seismograms of a set of seven multiplets. These seismograms are projected into the resolved fast and slow directions of SWS, as determined by the detailed SWS analysis of Liu et al. (2004) . As expected, the average waveforms for all these events display a high signal-to-noise ratio. The nearly ideal impulse-like waveforms of the shear wave phases allow us to window the direct and reflected phases properly. A cosine taper is used to reduce the effect of data truncation (Kanasewich 1981) . We calculate the amplitude spectra of the direct and reflected phases for both the fast and slow components and show them in Fig. 5(a) . Because the data sample rate is 50 sps, the spectra are cut off at the Nyquist frequency of 25 Hz. The energy of shear waves is seen to be mainly distributed within the frequency range 2-15 Hz. We also present corresponding results based on the data prior to and following the first S wave (boxes on the seismograms of Fig. 4 ). It appears that the amplitude spectra of the direct and reflected S phases are sufficiently larger than the background signals within the frequency range 2-15 Hz. We note that the above amplitude spectra are obtained from stacked waveforms, which usually have a higher signal-to-noise ratio. The amplitude spectral ratios between the reflected and direct phases for the fast and slow components are shown in Fig. 5(b) . As discussed in Section 3, we can estimate the Q values of the fast and slow shear waves by fitting the observed amplitude spectral ratios versus frequency (in dB Hz −1 ) to eq. (4). We fit the curves to the equation within the 2-15 Hz range and calculate Q values from the estimated slope m through eq. (5). The measured values are Q f = 68 ± 8 for the fast shear wave and Q s = 52 ± 3 for the slow wave. The main advantage of estimating Q values from amplitude spectral ratios is that we can avoid making assumptions on the geometrical spreading factor and considering the effect of dispersion. However, the strong dependency of the estimated results on the employed frequency range reduces from the robustness of the measurements.
Using the same waveforms, we also estimate Q f and Q s by fitting calculated reflected waveforms to the observed ones as discussed in method (b) of Section 3. The fitting errors, defined by eq. (9), with different trial Q values are shown in Fig. 6(a) . As indicated by arrows in the figure, the minimum values of the fitting errors are associated with Q f = 61 for the fast shear wave and Q s = 43 for the slow shear wave, respectively. Fig. 6(b) shows the corresponding results for best-fitting waveform results. This method is not strongly affected by the background noise because multiple reflections and scattering signals have much smaller amplitudes than the direct or free-surface reflected phases, and therefore contribute less to the fitting errors than the main phases. As a consequence, the estimated results are insensitive to factors such as the fitting frequency range and are therefore relatively robust. Fig. 6(a) shows that the analysis of individual measurements is not very sensitive to small changes in the estimated Q value, in our cases with relatively high Q and corresponding relatively small attenuation. Nevertheless, we can use the outlined procedure to derive automatically best estimated Q values from a large data set and then estimate the error of the obtained values from the standard deviation of the results.
Estimated Q values from a set of 156 recordings
There is typically a large scatter in Q measurements made from an individual recording. This raises doubts on the reliability of Q values estimated from few observations. In this section, we employ 156 events that produce clear direct and reflected phases in our borehole data set for additional attenuation analysis. Because these events are located within the shear wave window (Liu et al. 2004 , and references therein), the waves generated by them have nearly vertical ray paths when they approach the free surface. Therefore, the reflected waves propagate to the borehole receiver through essentially identical paths. This implies that the amplitude spectral ratios between the reflected and direct phases for these waveforms should follow the same relationship. The direct and reflected phases of the employed seismograms for the fast and slow components are windowed with a cosine taper and shown in Fig. 7(a) . We then calculate the amplitude spectral ratios from these phases and give the stacked results in Fig. 7(b) . We find that the amplitude spectral ratios for frequencies larger than 15 Hz display a large scatter. We estimate the Q values by fitting the average amplitude spectral ratios versus frequency curves to eq. (4) in the range 2-15 Hz. The results are Q f = 62 ± 5 and Q s = 45 ± 5 for the fast and slow shear waves, respectively. We also estimate the Q values with the waveform fitting method for each of these recordings. The distributions of the estimated Q values are shown in Fig. 8 . The average value of Q f is 62 with a standard deviation of 11 for the fast shear wave and the average value of Q s is 48 with a standard deviation of 11 for the slow shear wave.
DISC U S S I O N
Attenuation in the crust
Several mechanisms have been identified to contribute to seismic attenuation and velocity dispersion (Winkler & Murphy 1995) . In homogeneous rocks attenuation and dispersion appear to be dominated by viscous fluid/solid interactions. In heterogeneous rocks, scattering can lead to dispersion and energy diffusion. A frictional mechanism is only important at large strain amplitudes in the near field of seismic sources. The shapes of seismograms are strongly affected by seismic attenuation. This obscure source properties that are very important for earthquake physics studies. To characterize the source properties of earthquakes, it is important to separate the source from the path and site effects. Moreover, attenuation analysis also provides a tool to probe rock properties along the ray path. Downhole experiments provide the most reliable information on attenuation properties of the shallow crust. It is usually difficult to estimate near-surface attenuation from surface observations because of the free surface amplification and other complexities. To avoid the interference of near-surface amplification, it is desirable to use clear surface-reflected waves in downhole recordings (Hauksson et al. 1987) . The results of this study, based on such surface-reflected waves, provide robust estimates of near-surface attenuation of fast and slow shear waves over the frequency range 2-15 Hz for the study area. 
Body wave dispersion
Dispersion of body waves is a consequence of any causal theory of absorption. Aki & Richards (2002) show that the assumptions of constant Q and linearity of seismic waves lead to non-causality if waves are non-dispersive. Because observed data indicate that those assumptions typically characterize the solid earth materials, a dispersion must exist to preserve causality of a propagating wave. From Figs 5(b) and 6(b), we see that the curves of amplitude spectral ratio versus frequency are well represented by a linear line in the approximate frequency range 2-15 Hz. This indicates that the assumption of frequency-independent Q also characterizes well that frequency range in our data. Various theories of dispersion (Kolsky 1956; Lomnitz 1957; Futterman 1962; Liu et al. 1976 ) have the logarithmic dispersion form
A waveform distortion resulting from the dispersion in local earthquake records can affect studies based on waveform shape, such as SWS analysis. Because seismic waves attenuate greatly when propagating through the near-surface crust, they are expected also to be distorted by the corresponding dispersion. Fig. 4 shows that the shape of the surface-reflected phase differs significantly from that of the direct one. Similar results can been found in the borehole observations by Hauksson et al. (1987) . To estimate the dispersion of shear waves in the top 200 m of the crust, we first calculate the phase difference down,up between the direct and reflected waves for both the fast and slow components. In the calculation, the direct and reflected waves are aligned using cross-correlation. This portion of phase change is apparently a result of body wave dispersion. The total phase change between the direct and reflected waves during wave propagation can be written as
From eq. (8), we have
Thus, we can calculate the phase velocity as
Similarly to eq. (8), we can get from eq. (10)
The dispersion curves extracted from the stacked waveforms (Fig. 4 ) using eq. (13) are shown in Fig. 9(a) . The measured phase velocities for the fast and slow components are represented by small circles and triangles, respectively. The solid and dashed lines in the figures give the theoretical dispersion curves based on eq. (14) with Q = Q f and Q = Q s , respectively. The theoretical curves with Q = Q f appears to fit well the measurements in the frequency range 4-15 Hz for both the fast and slow components. Beyond 15 Hz, the noise-to-signal ratio is too high to extract stable phase information. The measured phase velocities drop rapidly below 4 Hz and the theoretical results cannot fit this portion of the data well. Similar results can be found in Wuenschel (1965) . Fig. 9(b) shows the impact of the dispersion on the waveform shape. The calculated waveform without dispersion is significantly different from the observed one, while the calculated results with dispersion improve the fit. We note that although the fast and slow shear waves attenuate differently, they disperse almost the same and the theoretical curves with Q = Q f (solid lines) fit the measured data for the slow wave better than with Q = Q s . It seems that the mechanisms that result in additional attenuation for the slow shear wave have a very small contribution to the body wave dispersion.
Attenuation anisotropy
It has been observed from Vertical Seismic Profiling (VSP) data that transmitted amplitudes display a systematic variation with azimuth (Liu et al. 1993; Horne & MacBeth 1997) . The amplitude variation is commonly interpreted as attenuation that is related to the fractures.
Anisotropic attenuation has been also observed in laboratory measurements on rock samples containing aligned cracks (Thomsen 1995 ). Attenuation anisotropy is one of the main seismic signatures of cracks that could be used for fracture detection. Aster & Shearer (1991) found evidence for preferential attenuation of the slow horizontal component relative to the fast horizontal component in borehole data near the San Jacinto fault zone in southern California. They suggested the existence of anisotropic shear wave attenuation between 150 and 300 m, which is below the top weathered layer. They also argued that such phenomena may be partially responsible for the clear fast shear waves and the general lack of distinct slow shear waves.
Our high-quality data set provides excellent opportunity to study systematically the attenuation anisotropy in the near-surface crust. Based on our pervious SWS analysis (Liu et al. 2004) , the horizontal shear wave can be separated clearly into fast and slow shear wave components. We can therefore estimate separately Q values for those two components of the split shear waves. The estimated results from the two employed data subsets using the two methods of Section 3 are listed in Table 1 . The obtained values of Q f for the fast shear wave range from 61 to 68, while the values of Q s for the slow shear component range from 43 to 52. The attenuation anisotropy ranges from 23 to 30 per cent. The analysis assumes that the polarization directions are the same for the sections above and below the borehole station. As discussed in Liu et al. (2004) , there is probably a 6
• difference between the polarization directions for these two sections. However, we found that such small vertical variation of polarization direction can change the estimated Q value only by 1-3, which is much smaller than the uncertainties of the estimated results. Because of attenuation anisotropy, the amplitude decays differently for different polarization directions. We calculate the amplitude ratios, defined as the ratio of peak to trough amplitude, between the direct and reflected waves in the time domain. The results for both the fast and slow shear waves obtained from 156 events are shown in Fig. 10 . The distribution of the amplitude ratios for the fast shear waves peaks at around 0.65, while the distribution of the amplitude ratios for the slow waves peaks at around 0.55.
CONC L U S I O N S
Estimating the Q values from the direct and reflected seismic phases in downhole recordings has the advantage of using signals that have the same instrument and site responses. In addition, the analysis avoids the distortions and amplification resulting from the near-surface structure and the free surface, which can complicate the measurements of attenuation from surface seismic data.
We estimate the Q values from a set of earthquake multiplets and 156 events with high-quality recordings using both the amplitude spectral ratio and a waveform fitting method. The estimated value for the fast shear wave component is Q f = 61-68 and the estimated value for the slow shear wave component is Q s = 43-52. The results reveal a substantial difference of attenuation between the fast and slow shear wave components and show a clear evidence of attenuation anisotropy in the near-surface structure. The observed attenuation anisotropy may be a manifestation of microcracks alignment and their response to in situ stress, as is commonly assumed for the velocity anisotropy.
An attenuation-related dispersion is clearly observed and it has a significant effect on the shapes of waveforms. The observed dispersion curves fit the theoretical logarithm dispersion equation well in the frequency range 4-15 Hz. The mechanisms that result in additional attenuation for the slow shear wave appear not to contribute measurably to the body wave dispersion.
The observed strong attenuation anisotropy (23-30 per cent in this study) along with attenuation-related dispersion is likely to characterize the near-surface structure in other locations. These effects can modify significantly the properties of observed shear wave seismograms and should be taken into account in studies employing such data.
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